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UKLσ z = zσ − x3(θσ(z) + bασzα) + x23bασθα(z)
P^V _
UKL3 z = z3,
#ADF/iSF


















	B AZBAds    lnC u(ε) kz"&s<&G  'n"i6	ln










iik :#zl : ki  AWAd|   
 ""&j ob&G&#n4	nI
gε  #n zε k.<&0	($| 8<& "  }i6hnI±'AZ r  
 ""&v"&2 ob&G&#n?	nI
gε
  & 
 0& b%<&4	$"i 	
‖u(ε) − ζε‖
H1(Ω)2×L2(Ω) ≤ Cε











F$iSFb\]NDORp\xT^}R sLuT   TZR]F)R]AfP^R
ζε












TZy[jkFdeRS\hHXRSADFOUFdP _ KMVD~F/iSi]TWimRSF/iSE2\KQ\o~ZTWF/iSVDF _ yL`YDNfi]F2|# FD=FdeRS\ _ NDFcR]TR]ADFYDiSFb\]F/Vfe/F)TZ¤y=TZNDV _ P^iS`
OMP`WF/iBVDFbPZiBR]ADF$F _ ~ZFd\/
p VFbVDF/iS~Z`2VfTZiSE[FxVDF/F _ ETWi]FR]Fbi]E2\R]T~ZF/RXP^VTZY[RSKUE2P^OFd\kRSKUE2P^R]Fo#KRSA RSADF\SP^EF
zε
H;fTZOMOUT#KMVD~
mTWKRSF/i2R z^{bTF _ F>fVfF$R]ADFR]ADiSF/F/ _ KMEF/Vf\]KMTZVfPZO±i]Fde
TWVf\kRSi]N8eR]F __ KM\]YDOQPZe/F/EF/VtRmKMVVDTZiSE2P^Oe/TLTZi _ KUV8PR]Fd\
Uzyt`




σ z = 0
PZV _

















a = O(εp) KFoAfPZF cεp ≤ a ≤ Cεp TWi c P^V _ C VfTZV1&/F/iST2e
TWVf\kRpP^VtRS\BKMV _ FbY8FbV _ FbVWRTZV
ε
  KUR]ARSADFb\]F$VDT^RpPRSKUTWVf\/[FoAfPZFR]AfF$i]Fd\aNDOURhH




	 AWAs    
uε
k2"& 	(m 0<&2"& :
n"i6	#l$	X'AZ |   #n
zε









  \ b	4<& <&%	y'2<&4i6i6k :l}# :Iki
ζ0
o  by"  AZBAb|   
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ε] = O(ε) #n Eε3D[uε − Uzε] ≤ CεEε3D[uε],









TWEcY8P^iSF _ RST RSADFTZVDFcKMVDKRSKMPZOUOM`¥~WKUWF/V yL`|JKML
NPOQ KUV R z^{bT )@BADFOMFbP _ KUVf~Fbi]iSTZi
R]F/iSE KQ\B~ZTWF/iSVDF _ yt` R]ADF| #:y8TWNDV _ PZi]` OMP`WF/ip\/^p RXKUEYDiSTZFd\R]ADF$iSFb\]NDOURBKMVqR zWz\TTZi#FbOUOMKMY[R]KQe\]ADF/OMOM\b
DTWiFdPZ\]FT^;Nf\]FZ=RSADFc\aRSPZV _ PZi _ epAfPZVD~ZFT^;NDVD¡LVDT#V
wε = µ−1(x3)u
ε KM\E2P _ F\]F/F R zWs\T   ?#ADF/iSF
µ(x3)
KM\ _ F>fVDF _ yt`
u = µ(x3)w =
{
uα = wα − x3bβαwβ
P^V _
u3 = w3.
 AW zA  
@BADF/TWi]FbE AZ z)KM\BF WNfKUP^OMF/VtRBTZi
uε





"	1  	     .
@BADFYDi]TLTZ¤T^@BAfF/TZiSF/EAW z KQ\y8PZ\]F _ TWV RSADFi]Fd\aNfORp\KMV RAs\TTZioR]AfF)TWi]E2PZO\]F/iSKUFd\o\aTWOUN[RSKUTWV TZ¤R]AfF| #
YDi]TWyDOMF/E  F$iSFbebP^OMOADF/iSFxR]ADKQ\#~ZFbVDF/ipP^O=ipP^EF/TZiS¡?
@BADFm>fiS\aR\kRSF/Y KMV RAs\T _ KM\Se/PZi _ \RSADF+OQPRSF/ipP^Oxy8TWNDV _ PZi]`e/TZV _ KUR]KMTZV8\/xP^V _ \kRSN _ KMFb\R]ADF"KMVDVDFbi| #





L(xα, x3; Dα, ∂3)w
ε = −fε KMV Ωε















YDi]TWyDOMF/E  AW zWz   TWV2R]ADFxE2P^VDKUTZO _



































ak ∈ L(E,F ) P^V _ b[t] = ∑k≥0 tkbk
KQ\PTWi]E2P^O\aFbi]KMFb\$#KUR]A e/TLF@e
KMF/VtRS\
bk ∈ E R]ADFbV+RSADFTZiSE2P^O\]F/iSKUFd\
c[t] = a[t]b[t]












;@BADKQ\#KQ\R]ADFe/OMPW\]\]KMebP^O !P^N8epAt` YDi]T _ N8eRBTZiBTWi]E2P^O±\]F/iSKMFb\b











#KUR]AqA/¢TWi]E >fFbO _ e/TtF@e
KMF/VtRS\bD\aN8epA RSAfPR
{















@BADF/TWi]FbE2\¤G8AoP^V _ Gf |TZsRBAds\T±iSF _ N8e






















A[ε]z[ε] = G[ε]f [ε]
KMV
S0,
 AW zWs  
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R]ADFbV
w[ε]
_ F>fVDF _ yL`2RSADF$FtNfP^R]KMTZV
w[ε] = V[ε]z[ε] + Q[ε]f [ε]
KMV
Ω
 AW zZu  
KM\X\]TZOMN[RSKUTWVTZ AW z^G   ;@BAfFoTZiSEPZO±\aFbi]KMFb\
A[ε]
#i]KUR]Fd\






KQ\~WKUWF/V+KUV"@BADF/TWi]FbE Gf GTZ}RAs\T 
P^V _ h;iSTZY=TW\]KRSKUTWVG8 s~ZKMZFd\PZVFd\kRSKUE2P^R]F$T^R]ADF _ KD?F/iSF/Vfe/Foy8F/RkFbF/V
A2
P^V _ R]ADF$y=F/V _ KUVf~cTWY8FbiSP^R]TWi
B
T^






















L[ε]V[ε]z = −I ◦ A[ε]z,
T[ε]V[ε]z = 0,
PZV _ { L[ε]Q[ε]f = I ◦ G[ε]f − f ,
T[ε]Q[ε]f = 0,









TWV _ \kRSF/Y"KMV RBAdsbTx@BAfF/TZiSF/E s[ |   _ FbPZOM\#KRSAy8TWNDV _ PZi]`¥OQP`ZFbixTZiSEPZO;\aFbi]KMFb\b?p V"~ZFbVDF/ipP^O 
K
z[ε]
KQ\$P\]TZOMN[R]KMTZV T^$ AW zWs   R]ADF2iSFbe/TZVf\aR]iSNfeRSF _ _ KQ\aYDOQPZe/F/EF/VtR AW zZu   e/PZVDVDTZR$\SPRSKM\a`¥RSADFe
TWV _ KUR]KMTZV
w[ε] = 0
TZVoRSADF¤OQPRSF/ipP^O^y=TZNfV _ P^iS`ZILKUEKMOMPZi]OM`R]TXYDOQPRSFb\\]F/FCR z^u[gAb{DhabT   RSADFepAfPZVD~ZFTZ[PZi]KQP^yfOUF






n  	"go 

































 AZ z^u     TZR]FoRSAfPR
R = 0
e
TZKMVfe/K _ Fd\B#KRSAR]ADF$OQPRSF/ipP^Oy=TZNDV _ P^iS`
Γ0

@BADF/TWi]FbE°s[ | KMV RAsbT¤\]ADTX\XRSAfPR$RSADFF
g[KQ\kRSF/Vfe/FcTZPTZiSE2P^O\aFbi]KMFb\
ϕ[ε]

















d[ε]z[ε] = h[ε]f [ε]
TZV
∂S0,












 AW |W{  
@BADKM\xTWY8FbiSP^R]TZixKQ\mRSADFVfPRSNDipP^O#mKMi]KQepADOMF
R$TZY=F/ipPRSTZixPZ\S\aT[e









R]F _ Nf\]KUVf~ TWi]E2P^O\]F/iSKUFd\mTWY8FbiSP^R]TZio\SPR]KQ\a`tKMVD~ NDVfeRSKUTWVfP^O
FtNfPRSKUTWVf\T^R]ADFxRk`LY8F2'AZ zIF   KMV| #:y8TWNDV _ PZi]`2OQP`ZFbi\]YfPZe/Fb\o\]F/FoF WN8PR]KMTZV8\x s[BA/G   PZV _  s[BAbu   KMVmRBAdsbT   
 ©   ­   @BAfF$FtNfPRSKUTWVf\
{
A[ε]z[ε] = G[ε]f [ε]
KUV
S0,
d[ε]z[ε] = h[ε]f [ε]
TZV
∂S0,
 AW |A  








R]KMTZV¥z\kRSN _ KMFb\BRSADFKMVDVDFbiXFtNfP^R]KMTZVf\#y8PZ\]F _ TZV
P^V"KUVLWF/ip\aFT^BRSADF2EF/EyfiSPZVDF2TZY=F/ipPRSTZid±#ADKMOUFI[FbeRSKUTWV| _ FbPZOM\$#KUR]A"RSADF2RkT^ _ KMEcFbVf\]KUTWVfP^Oy=TZNDV _ P^iS`




@BADF Yfi]TLT^XTZX@BADF/TWi]FbE AW zKM\)~ZKMZFbVKUV \]Fbe
R]KMTZVf\)u aD  F VfT^R]F R]AfP^RRSADFTZKUR]FbiYDiSTZyDOMF/E 'AZ r  
P^V _ R]ADFxi]F _ Nfe/F _ YDiSTZyfOUFbE& AZ |A   AfPWF#R]AfFx\SP^EFC>8iS\aRRSF/iSE2\/;p VI[FbeRSKUTWVuft\aRSPZiaRSKUVD~i]TWE R]ADFxiSF _ Nfe/F _
YDi]TWyDOMF/E AW |A   Y=TW\]F _ TWVR]AfFEK _  \]NDi]PZe
FW8F _ F>fVDFcPz# TWi]E2P^O\aFbi]KMFb\mYDiSTZyDOMF/E KUV+Y8TF/ip\#TZ






@BADFxYDi]TLTZT^@BAfF/TZiSF/E AW GcKM\~WKUWF/VKMVlmYDY=F/V _ KUg£ #ADKMOMFxlmYDY8FbV _ KUgl KM\ _ FbZTZR]F _ R]TPRSFbepADVDKQe/PZO
i]Fd\aNDOUR#VDF/F _ F _ KMV\aFdeR]KMTZVuD
 u/ 7, - /21	
 7+?+ -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c∗ = (cr, cs, c3) ∈ C ∞(∂S0)3
PZV _
cn ∈ C∞(S0)
X@BADKQ\XKQ\#RSADFYDiSTZyfOUFbE  AW r   #KUR]A
VDTZVADTWETZ~ZFbVDF/TWNf\oy=TZNDV _ P^iS`+e
TWV _ KUR]KMTZVf\b p V"R]ADF TZOMOUT#KMVD~F\aF/R














 z[ z  
TZiXP^OMO



































KUVqRBAbubTPZV _ R zZrbT 
  ©L­  ©      \ b	q<&
S0

	q"( #$   &qi6ik :lt :  
M = (Mα,M3)
I$"go 
z = (zα, z3) ∈ Σ(S0)

	v	$ :Go= " #$t |i%($n  o  :
(2, 0)
"f<&|		 'zoi6   o (
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 z[ |  
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 :
p > − 12

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 ZGn6 : o  "$=6"#nI:ln
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S0
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ILNDYDY=TW\]FcR]AfP^RoR]ADFiSKU~WAWR] A8P^V _ \aK _ F
g = gε
KUV ¢zDA   F/gLY8P^V _ \oKMV Y8TF/ip\\]F/iSKMFb\xT^
ε
\]F/F AWAd{  k  
 F8>fip\kR#\aFbF/¡cR]AfFo\]TZOMN[RSKUTWV
zε

























k ≤ 0 @BADFYDiSF/LKMTZNf\@BADF/TWi]FbE \aAfTX\yL`$KMV _ Nfe
R]KMTZV)R]ADFBF
g[KQ\kRSF/Vfe/FTZ8\]TZOMN[R]KMTZVf\T^RSADFb\]FoFtNfP^R]KMTZVf\brXTF/ZFbiF$e/PZVDVDT^R#\SPR]KQ\a`KUV~ZFbVDF/ipP^O=RSADFo#ADTZOMFoy8TWNDV _ PZi]`e/TZV _ KUR]KMTZV8\
d0zε = cyt`PY8TF/i#\]F/iSKUFd\iSF/Yfi]Fd\aFbVWRpPRSKUTWV T^R]AfF\aTWOUN[RSKUTWV±
   /G1%7   +l7/2+







TLTZi _ KMVfPRSF¤\]`L\aR]FbE P^V _ PZOUO
(ξα) = (ξ1, ξ2) ∈ R2











arr(r, s) = 1
PZV _








ass(0, s) = 1
TZimPZOUO
s



















Γsss(0, s) = 0








































K(ε)(T, s; ∂T , ∂s) := K(ε)(ε


































































K−1T (Z) = −(λ̃+ 2µ) ∂2TZT , K−1s (Z) = −µ∂2TZs





_ F/Y=F/V _ \#TZVfOU`TZVR]ADF$TWY8FbiSP^R]TZi
M3
H















TZVR]ADF$y=TZNfV _ P^iS` PZV _








@BAfPR¤KQ\#AL`FXE2P^¡WF#P\]ebP^OMKUVf~xKMVR]AfFXYDiSTZyDOMF/E |D s   KUVTZi _ FbiR]T$TWy[RSPZKUV2PoTWi]E2P^OD\]F/iSKMFb\YDiSTZyfOUFbE'#KUR]A

























































\aRSPZiaRp\B#KRSAP)Y=TF/i −1/2 T^ ε 









@BADF$YDiSTZyDOMF/E°¢|D s   KQ\R]ALNf\#F WNfKUP^OMF/VtRBR]TRSADF$YDiSTZyDOMF/E










Z̆ ∈ Σ(S̆) H
K̆0T (Z̆) = − (λ̃+ 2µ) ∂2T Z̆T + 2(λ̃H + µbrr) ∂T Z̆3,
K̆0s(Z̆) = − µ∂2T Z̆s + 2µbrs ∂T Z̆3,
K̆03(Z̆) = − 2(λ̃H + µbrr) ∂T Z̆T − 2µbrs ∂T Z̆s
+ 13 (λ̃+ 2µ) ∂
4
T Z̆3 + 4
(





























[ 0,+∞ [ 
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  ­¤­  ­ 	   
s ∈ ∂S0
^gn  lnq c3, cn ∈ R
  & :mI
		v   #
ϕ̆ ∈
C∞(R+)3




















	}o  b|"  AZBAdz    eηT ϕ̆ 
	!k#nInjb	 T → ∞ 















(λ̃+ 2µ)τ2 0 2i(λ̃H + µbrr)τ
0 µτ2 2iµbrsτ
−2i(λ̃H + µbrr)τ −2iµbrsτ 13 (λ̃+ 2µ)τ4 + b





(λ̃+ 2µ)H2 − µK




























































η1(1 + i), η1(1 − i), −η1(1 + i)
PZV _ − η1(1 − i).
DTZi}>Dg[F _
s




+ #lm\ (λ̃H + µbrr) 6= 0
8F)e/P^VRSiSPZVf\aTZiSE
R]ADKQ\X\]`L\aR]FbEKMVP)RSi]KQP^VD~WNDOQP^i#\a`[\aR]FbE#i]KURaRSF/V
2(λ̃H + µbrr) ∂T ϕ̆T + 2µbrs ∂T ϕ̆s
− 13 (λ̃+ 2µ) ∂4T ϕ̆3 − 4
(
(λ̃+ 2µ)H2 − µK
)
ϕ̆3 = 0,
µ ∂2T ϕ̆s − 2µbrs ∂T ϕ̆3 = 0,(
1
3 (λ̃+ 2µ)




∂T ϕ̆3 = 0.
|fAdu  
 F _ F _ Nfe/Foi]TWE R]ADF$OQPZ\aR#FtNfP^R]KMTZVR]AfP^R
ϕ̆3
#iSKUR]Fb\
























F _ F _ Nfe
FoRSAfPR
A1 = A4 = A5 = 0
;§m\]KUVD~cRSADF$y8TWNDV _ PZi]`e
TZV _ KRSKUTWVf\BKMV"¢|DBAb|   F _ F _ Nfe
FxR]A8PR





cn sin(η1T ) + c3
(





TWV _ F tNfPRSKUTWVKMV ¢|DBAbu   RSADF/V\]ADTX\R]A8PR







F/gLY=TZVfF/VtR]KQP^OMOU` _ Fbe/i]FdPZ\]KUVD~8KMVfP^OMOM`2R]ADF$F tNfPRSKUTWV
ϕ̆T (T ) = −µbrs(λ̃H + µbrr)−1ϕ̆s(T )






6 (λ̃+ 2µ) ∂
4
T ϕ̆3(T ) + 2
(






`tKMF/O _ \RSADF$NDVDK tNDF\aTWOUNDR]KMTZVF
g[Y8TWVDF/VtRSKMPZOUOM` _ Fde
iSFbPZ\]KMVD~)TZRSADF0>fip\kRXF WN8PR]KMTZVKMV ¢|DBAbu   
M
A/G  MI
p VTZi _ F/iR]T\]TZOMZFR]AfF\a`[\aR]F/E |DBAb|   #KRSAVfTZV[ &/Fbi]Tci]KM~ZAtR] AfPZV _ \]K _ Fb\b[F _ F>fVDFxRSADF\aY8PZe
F






T(R+) := { ϕ̆ = (ϕ̆T , ϕ̆s, ϕ̆3) ∈ T(R+)3 }.
|f zA  
p 
Ğ ∈ T(R+) tFmebP^Ve










g[YDOMKMe/KRKUVtRSF/~ZipP^OiSF/YDiSFb\]F/VtRSP^R]KMTZVXH2\]F/F R]ADFTZiSENDOQP^FYfP^~WF GgaKUVfRAT @BADKQ\cYfP^i]R]KQe
NfOMPZi)\]TZOMN[R]KMTZV







  ©L­  ©  	    
s ∈ ∂S0
^Gn   
Ğ ∈ T(R+)  #n B c3, cn ∈ R
  & :{I
		v  
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@BADF$TZY=F/ipPRSTZi
K(ε)
KMV _ Nfe/Fb\#KMVPcVfPRSNDiSPZO?P` P)TWi]E2P^O±\]F/iSKMFb\KUV
ε1/2
yt`\aF/RaR]KMVD~











k = 1, 2, 3
PZV _



























R]KMZF/OM`Z@BADFBFtNfP^R]KMTZVf\BG8A   PZV _ |D s   `LKUFbO _ R]AfFF tNfPRSKUTWVf\R]Txy8FX\SPRSKM\'>fF _ yL`
ζ[ε1/2]
PZV _
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K[ε1/2] ζ[ε1/2] = g[ε1/2],





































M(ζk/2) = −B(ζ(k−4)/2) + gk/2 KMV S0,































































`tKMF/O _ Pc\]TZOMN[RSKUTWVTZRSADF\a`[\aR]FbE°G8 s   

"#   .!  " .!
 	
@BADF$~ZTtP^O?T^R]ADKQ\X\]FbeRSKUTWVKQ\BRSTcYfi]TWFmRSADFoTZOMOUT#KMVD~iSFb\]NDOR\H
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S0
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C ∞(∂S0)
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Ğ1/2 = (0, G03).


















































































































































































) \SPRSKM\a`LKUVD~R]AfF >fiS\aR~ZiSTZNDYT^8F tNfPRSKUTWVf\
R]AfFR]Fbi]E
ζ0











) P^iSF _ F/R]Fbi]EKMVDF _ TZi
` = 0, . . . , k− 1#ADF/iSF
k





















@BADF/TWi]FbE zD zRSADF/V \]ADTX\RSADFmF/g[KM\aR]FbVfe
FXTZP\]TZOMN[R]KMTZV
ζk/2 ∈ Σ(S0)

















@BADF0>fip\kR#y=TZNDV _ P^iS`OMP`WF/iR]Fbi]E KM\#AfF/Vfe/F
Z0 = (0, Z03 )
;@BAtN8\BFoAfPWF
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   
 F2\aR]N _ ` VDT
6
~ZF/VfF/iSKMece/PW\aFd\mEF/VtRSKUTWVDF _ KUV"@P^yDOMFjA)TZixRSADFcTZiSEPZO\aFbi]KMFb\xiSKU~WAWR] A8P^V _ \]K _ Fb\xKMV RSADF
YDi]TWyDOMF/E G8 G   DTZiBe
FbiaRpP^KMVe/PW\aFd\;Fe/PZV\aAfTRSAfPR#\]TZEF >fip\kRR]Fbi]E2\PZVDKQ\aAPZV _ R]AfFx\aR]iSNfeRSNDiSFXT^RSADF
TZiSEPZO±\aFbi]KMFb\ (
ζ[ε1/2],Z[ε1/2]
) KM\BVDTZR#R]ADF\SP^EF$PZ\$GfBAb{   
§m\]KUVf~R]AfFOMKUVfFbP^iSKURk`)TZR]ADFxYDiSTZyDOMF/EtFTZVDOM`2e
















KQ\ &/Fbi]T8  F\]NDEEPZi]K'&/FcRSADF
i]Fd\aNDOURS\Xyt`R]AfF$TZOMOUT#KMVD~RpP^yDOMFZ#@BADF >8iS\aR#R]ADiSF/F)e
TZOMNDEVf\m~ZKMZFoR]AfFF







g[ε1/2] G[ε1/2] c[ε1/2] Z[ε1/2] ζ[ε1/2]
g0 0 0 (0, Z0
3
) + · · · ζ0 + · · ·




) + · · · ε ζ1 + · · ·
0 (0, G0
3
) 0 (0, Z0
3
) + · · · ε1/2ζ1/2 + · · ·
0 0 (c0α, 0, 0) (0, Z
0
3
) + · · · ζ0 + · · ·
0 0 (0, c0
3
, 0) (0, Z0
3
) + · · · ε1/2ζ1/2 + · · ·














Ğ0 = Ğ1/2 = 0








Z̆1 6= 0 y=FbebP^Nf\]FoR]ADKQ\BOQPRaRSF/i#RSF/iSE \SPR]KQ\'>fFb\
K̆














ζ1 6= 0 ;@BAtN8\R]ADF$F/gLY8P^Vf\]KUTWVKQ\BT^R]AfFoTZiSE









@BADF$T^RSADF/iXebPZ\]Fb\BP^iSF$\kRSN _ KMF _ \aKMEKUOQP^iSOM`¥\]F/F6RBA/GT±TWi _ F
RpP^KMOM\   
? @#,87  z,  ^/2- , u/ 7, x-  /21	
    ,./0,.75 
 F2e/TZVf\]K _ F/iR]ADF\aTWOUNDR]KMTZV
zε
















TZiSEPZO±\aFbi]KMFb\KMV _ Nfe/F _ yL`RSADF$F
g[YfPZVf\aKMTZV  AWAd{   
 TZR]FRSAfPRxTZi
k ≥ 0 =R]AfF)\]NDE ζk/2 + Zk/2 _ TLFb\mVDT^RoE2P^¡ZF)\aFbVf\aFW?y8Fde/P^N8\aF$RSADF)R]F/iSE2\ ζk/2 P^V _
Zk/2










































 s[ z  
 FoRSAtN8\#AfPZF


















 s[ |  
TZiBP^OMO
η ∈ Σ(S0)












_ FbVDT^RSFb\#PZOUBP`[\Pe/TZVf\aRSPZVWR#KMV _ FbY8FbV _ F/VtRXTZ
ε
§m\]KUVD~RSADKQ\#Fb\aR]KME2PR]FoF$\aADT R]ADFoTWOUOMT#KMVD~)iSFb\]NDOURhH
  ­¤­  ­    M !"
N ∈ N  
 .&!<&4	$"i6 
‖zε − zN (ε)‖
H1×H2(S0)
≤ C εN/2−9/4.  s[ G  







































zN (ε) := zN (ε) + εN/2tN














  FR]ALNf\ebP^VP^YfYDOU` Fb\aR]KME2PRSF¥¢s[ |   R]TR]AfFR]Fbi]E




K[ε1/2] ζ[ε1/2] = g[ε1/2]
;@BALNf\TZi
N ∈ N F$AfPZF
K(ε)θN (ε) − gε = O(ε(N+1)/2),
#ADF/iSF O(ε(N+1)/2) _ FbVDT^RSFb\±PZVxFbOUFbEF/VtRT^ Σ(S0)







KM\#KMV _ FbY8FbV _ FbVWRXTZ
ε




θN (ε) + εN/2tN
)
− gε = O(εN/2).  s[ s  
243Z25
 
	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	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"(	 Abr
¯ TZiSF/TWF/idZTWi
y ∈ Σ(S0)





















 s[ u  
#ADF/iSF








0 < ρ1 < ρ2
lm\¤R]ADKQ\ _ TZE2PZKUV2KQ\P^RBP _ KM\aRSPZVfe
FT^
∂S0

















g[Y8TWVDF/VtRSKMPZO?R]F/iSE KMV"¢s[ u   





























y̆(T, s) := χ(ε1/2T )
(









εk/2Z̆k/2 + ε(N+1)/2(0, Z̆
(N+1)/2
3 ).
 T^RSFoR]AfP^R#R]ADF$\Se/PZOMPZiYfi]T _ Nfe

















K̆[ε1/2] Z̆[ε1/2] = 0






























 s[ a  
$xi]TWNDYDKMVD~cR]TZ~WF


























y = zε−zN (ε) §m\]KUVD~ s[ |   FxTWy[RSPZKUV
‖zε − zN (ε)‖
H1×H2(S0)
≤ C εN/2−9/4.
£NDRF2AfPWF ‖zN (ε) − zN (ε)‖
H1×H2(S0)




zε−zN (ε)   F _ F _ Nfe
F#VfT R]AfFBTZOMOUT#KMVD~i]Fd\aNDOURhH
  ©L­  ©      
zε
kC"& 	9 # AW r  
 ""&90 ob&G&ln0	n  	$
	"="Go'AZBAb{    ln0 zN (ε)n  #njk= s[ z     Z 2"
N ∈ N  
 0& b%<&!	"i6 	 
‖zε − zN (ε)‖
H
1×H2(S0)
≤ C εN/2−1/4 #n ‖zε − zN (ε)‖
H
1×L2(S0)




  ­­   @BADFoFd\kRSKUE2PRSF¢sD G   \]ADTX\RSAfPRBT





















k ≥ 0 ?R]ADF)R]Fbi]E2\ ‖ζk/2‖
H1×H2(S0)







k ≥ 0 [FxA8PZFR]ADF$Fd\kRSKUE2PRSFb\
‖χZk/2i ‖L2(S0) ≤ C ε
1/4, ‖χZk/2i ‖H1(S0) ≤ C ε
−1/4 PZV _ ‖χZk/2i ‖H2(S0) ≤ C ε
−3/4.
¢sDAIA  
h;OUNf~Z~ZKMVD~cR]AfFb\]F$Fb\aR]KMEP^R]Fd\BKUVtR]T s[BAb{   DFo~WF
R




















  ­¤­  ­  
	  
g ∈ Σ(S0)
"ln  #nI_4 































≤ C ε1/4. ¢sDAd|  
















≤ ‖χZ03‖L2(S0) + Cε
1/4,
P^V _ R]AfFxF tNfPRSKUTWV  s[BA A   \]ADTX\R]AfF$i]Fd\aNDOURb
  6/2-  	
  x-!7   P/ 
^34,87/2+ / ,  - 1%365  1 }-0/  
  
 F\kRSN _ ` VDT'RSADFYDiSTZyfOUFbE  AW |A     TZR]F2RSAfPRR]ADKQ\$YDiSTZyDOMF/E KM\)e
OMTW\]FR]TRSADF TZKUR]F/i$F tNfPRSKUTWVf\
 AZ r   ;p V YfPZiaRSKMe/NDOMPZibZR]ADF8>fip\kRR]Fbi]E
(A0, d0)





Fz #:y=TZNfV _ P^iS`OQP`ZFbiS\¤R]T\]TZOMZFR]ADF$Yfi]TWyDOUFbE
243Z25
 
		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"(	 zA
 $ /. ./ .  ./
 %	1  	    .!" 
p V¥R]AfF)TWOUOMT#KMVD~f?F _ FbVDT^RSF)yL`
f [ε1/2]
RSADFcTZiSE2P^O\aFbi]KMFb\KUV _ Nfe




























 Fe/TZVf\]K _ F/iBR]AfFxF tNfPRSKUTWV ¢\aFbF AZ |A  k 















p V TWi _ FbiXRST _ F>fVDF)R]ADFcFtNfP^R]KMTZVf\xPZe
R]KMVD~ TWV z#'y=TZNDV _ P^iS`OMP`WF/iXRSF/iSE2\/FE2P^¡WFRSADFcepA8P^VD~WFT^
PZi]KQP^yfOUF
(r, s) 7→ (T, s) #KRSA T = ε−1/2r KMVR]ADF TZiSE2P^O\]F/iSKMFb\ A[ε1/2] {p Ve
TLTZi _ KMVfPRSFb\ (T, s) R]AfFTZY=F/ipPR]TWiS\
Ak











∀ k ≥ 0, A(k)(ε)(T, s; ∂T , ∂s) := Ak(ε1/2T, s; ε−1/2∂T , ∂s).
 T^RSFRSAfPRxR]AfFb\]F)TWY8FbiSP^R]TZip\me/TZVtRSPZKUV8\mVDFb~WP^R]KMZFY=TFbiS\T^
ε1/2
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T = 0
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 :  	
A
k,`/2  $"go  S̆  (=#i% 	!" T  	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  ­­   @BADF¥FtNfP^R]KMTZV uf z   KM\Pe
TWVf\aF tNDF/Vfe/FT^oR]AfF¥Fb\aR]KME2PR]F T^xR]ADF _ F/iSKUPRSKUWFTZi _ F/ip\T^oRSADF
TZY=F/ipPR]TWiS\
Ak






@BADFPWeRR]AfP^R¢uD |   KMV _ FbF _+_ F>fVfFb\xP2TZiSE2P^O\aFbi]KMFb\mKM\mR]AfF/V FdPZ\]KUOM`\aFbF/V¥yL`K _ F/VtR]KU`LKUVf~ RSADF)Y=TF/ip\XT^
ε1/2





TWi±R]AfFTZKUR]FbiET _ F/O   F















lm\TZi$RSADFTZKUR]FbiET _ F/O FE2P^¡WF P¥epAfPZVD~ZF2TZ#NDVD¡LVDT#VKMV TZi _ F/ioRST TWy[RSPZKUV PVfF/ TZiSE2P^O\]F/iSKMFb\














PZi]FOUKMVD¡WF _ yL`2|f a   @BADFYDi]TWyDOMF/E uf s   KQ\ADF/Vfe/FF tNDKUPZOUFbVWRR]TR]AfFYDiSTZyfOUFbE
Ă[ε1/2] Z̆[ε1/2] = 0.
uf F  
 T FoAfPZFIH
  ­¤­  ­     &    
Ă0

	}"&8	i6 b	}<&  :  
K̆0
nI s#n%"¢|DBAdz     2 $B 
"&% :  
Ă0
	$
	 z	  & :i |D z 
  ­­   @BADF.>fip\aR#R]F/iSE2\BT^R]ADFoTWi]E2P^O±\]F/iSKMFb\
A[ε]
#i]KUR]F






−1 = A0,−1, A−1/2 = A0,−1/2
P^V _
A



















(λ̃ + 2µ) ∂TTTTZ3.
¢uD r  
§m\]KUVD~¢uD u   fFxR]AfF/Ve



















































\]F/F2h¤i]TWY8Tt\aKUR]KMTZVs[ G¥P^V _ , tNfP^R]KMTZV





S̆ := R+ × ∂S0
yt`
∀ k ≥ 0 D(k)(ε)(T, s; ∂T , ∂s) := Dk(ε1/2T, s; ε−1/2∂T , ∂s).
lm\#KMV²±F/EE2PuDBAZ[FoAfPZFR]ADF$F/g[YfP^Vf\]KMTZV
































dk/2 : Σ(S̆) → C∞(∂S0)4















D0z = (zr, zs, z3, ∂rz3)






d[ε1/2] = ε−1/2d−1/2 + d0 + · · · ,
#KRSA













@BADFoTZiSE2P^O±\]F/iSKUFd\y8TWNDV _ PZi]`F tNfPRSKUTWV9>fV8P^OMOU`#iSKUR]Fb\hH
d[ε1/2] ζ[ε1/2] + d[ε1/2] Z[ε1/2] = h[ε1/2] f [ε1/2].
ufAd|  





















εk/2d̆k/2 = ε−1d̆−1 + ε−1/2d̆−1/2 + d̆0 + · · · ,
#KRSA












d̆−1T Z̆ = d̆
−1
s Z̆ = d̆
−1/2
T Z̆ = d̆
−1/2
s Z̆ = 0, d̆
0

































A[ε1/2] ζ[ε1/2] = G[ε1/2] f [ε1/2],
A[ε1/2] Z[ε1/2] = 0,
d[ε1/2] ζ[ε1/2] + d[ε1/2] Z[ε1/2] = h[ε1/2] f [ε1/2].
ufAs  
 $#    .!"  ./
 %	1  	  !	"#$%
 FVDT!YDiSTZFR]AfP^R2R]ADF¥\]`[\kRSF/E}¢uDBAds   P _ EKRp\P\]TZOMN[R]KMTZV±.@BAfFEF/R]ADT _ KQ\2e
OMTW\]FRST"R]ADFYfi]TLT^oT^
@BADF/TWi]FbEGfBAZ
  ©L­  ©   
	  \ b	j"&
S0






)   &j<& :0:I
		C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 Z i6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 	
ζ[ε1/2]

 "<&9\E	C" "&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 $ ufAs  
M
zG  MI
  ­­    Fc\]F
R
g[ε1/2] := G[ε1/2]f [ε1/2]
PZV _











4 iSFb\]Y8FdeR]KMZFbOU`W  T^R]FR]A8PR c0 = 0 y=Fbe/PZNf\]F h0 KM\R]ADF &bF/iSTXTZY=F/ipPRSTZi\]F/F@BADFbTZiSF/E s[ |P^V _ , tNfP^R]KMTZVufA   TZxRBAdsbT   
@BADF$OMPW\kR#F WN8PR]KMTZVT^BufAs   KM\XFtNDKMPZOUFbVtRRST
d[ε1/2] ζ[ε1/2] + d̆[ε1/2] Z̆[ε1/2] = h[ε1/2] f [ε1/2].
@BADKM\X#i]KUR]Fd\/LTWi
k ≥ −2 
k∑
`=0





























































































(k−`)/2) = ck/2n .


























F _ TZiSE2P^O±\]F/iSKUFd\YDi]TWyDOMF/E ¢uDBAds   KUTWi
k ≥ 0 FoAfPWF H



























































































` ≤ 0 







	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	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"(	 zZs
 $    "1 	 " ./ ./
 + ".!	0 " 
  ­¤­  ­     (
ζ[ε1/2],Z[ε1/2]
) k}<&8	({ 8"&s# :Iki ¢uDBAds   o  b{k=  & :i uD |
#n (
ζ ′[ε1/2],Z ′[ε1/2]




K[ε1/2] ζ′[ε1/2] = G0 f [ε1/2],
K[ε1/2] Z ′[ε1/2] = 0,
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  ­­  & F\aF/R
g[ε1/2] = G[ε1/2] f [ε1/2]
P^V _
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P^V _ R]AfFxF tNfPRSKUTWV Gf u   PZ\S\]TLe/KMP^R]F _ #KUR]AR]ADF$Yfi]TWyDOUFbE°ufA\a   #iSKRSFb\
K̆

















TZV8\aF WNfF/Vfe/FTZRSADFoTZOMOUT#KMVD~ci]Fd\aNfORdDYDiSTZF _ KUVlXYfY8FbV _ KUgl!H
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z^u  M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KQ\$Pi]FdP^O\kRSi]KQeRSOU` OUFd\]\R]A8P^V+R]ADF\]E2P^OMOUFd\kRohP^YD¡WTtKQepA[ fP _ OUF)F
g[Y=TZVDFbVWR¢\aFbF RBAbF\T   4p V+R]AfF
VDF/KM~ZALy=TZiSADTLT _ T^8R]ADFBRkTxe/TZiSVDF/ip\T^fRSADFX\]F/EK \aR]iSKUY±FBKUEY=TW\]FR]ADFBTWOUOMT#KUVf~H±KU
ρ










∀ i, j ∈ N, i+ j 6= 0, ρi+j−1 ∂iR∂jX3ϕ ∈ L
2(Σ+).
 FoRSADF/V _ F>fVDFoR]AfFe



















































TLTZi _ KMVfPRSFb\b;P^V _ \]P^R]KQ\k`LKMVD~¥RSADF











@BADFb\]F2RSADi]FbF2TZiSE2P^O¤\]F/iSKMFb\PZi]Fe/TZVf\aR]iSNfeRSF _ Nf\]KUVf~R]ADFTZiSEPZO¤\]F/iSKUFd\$i]F _ Nfe
R]KMTZVT^0RBAdsbT P^V _ RSADF
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  F _ F>fVDFxR]ADFoTWi]E2PZO±\aFbi]KMFb\










A[ε1/2] ζ[ε1/2] = G[ε1/2] f [ε1/2],
FoFbPW\aKMOM` \aFbFoNf\aKMVD~ AW zgF   R]A8PRXFxA8PZF














p F _ F/VDTZR]F2yL`









k ≥ 0 
V




KQ\PqA/¢TWi]E >8F/O _ TZV R]ADF EPZVDKUTZO _
S̆
lm\KUV ²F/EE2PuDBA)RSADF e/TZiSi]Fd\aY=TZV _ KUVD~TZiSE2P^O¤\]F/iSKMFb\
V
(k)[ε1/2]





























































  F$VDT _ F>8VDFoR]ADFoTWi]E2PZO±\aFbi]KMFb\




























#KRSA y=TZNDV _ P^iS`2OMP`WF/ie/TLF@
e












































Z ∈ Σ(S̆) 
P(k)j (ε)Z = P kj (ε1/2T, s; ε−1/2∂T , ∂s)(Z),
P^V _ RSADFPW\]\]T[e






























































Φ[ε1/2] := Ψ[ε1/2] ζ[ε1/2] + Θ[ε1/2] f [ε1/2] + ψ[ε1/2] Z[ε1/2].
#ADF/iSF
Θ[ε]
KM\#R]ADFoTWi]E2P^O\]F/iSKUFd\B~ZKMZFbVyL` @BADFbTZiSF/E!sD |)T^ RBAds\T 
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L(ε)(T, s,X3; ∂T , ∂s, ∂X3) := L(ε
1/2T, s, εX3; ε
−1/2∂T , ∂s, ε
−1∂X3 )
P^V _
T (ε)(T, s,X3; ∂T , ∂s, ∂X3) := T(ε
1/2T, s, εX3; ε
−1/2∂T , ∂s, ε
−1∂X3).
 FL |  
#ADF/iSF (
L,T
) KM\R]ADF | #FbOMPW\kRSKMe/KRk`+TZY=F/ipPR]TWi$TZV
Ωε























































`tKMF/O _ \TWi]E2P^O±\]F/iSKMFb\ (
L [ε],T [ε]














) KMV"R]ADF2RSADiSF/F e/TtTWi _ KUVfP^R]F
\a`[\aR]F/E2\#PW\]\]T[e
KQPR]F _ #KUR]AR]AfFoR]ADiSF/F$¡LKMV _ TZRSF/iSE2\/
243Z25
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v[ε1/2]  W [ε1/2] #n Φ[ε1/2] 	  nm" <&%l :\G	 	k	| :i <&	( (
ζ[ε1/2],Z[ε1/2]
) '"&4l : ki ufAs     :v	($	v'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  ­­   @BADFoF WN8PR]KMTZV"$F[ G   KM\#e/OUFdP^iSOU`\SPRSKM\'>fF _ 
@BADFxTZiSEPZO=\]F/iSKMFb\
Z[ε1/2]




\]P^R]KQ\k` RSADF9>8iS\aR)~Wi]TWNDYT^mF tNfPRSKUTWVf\KMV 'AZ zIF   "£` _ TWKUVD~ R]ADFepAfPZVD~ZFTZmP^iSKMPZyDOMF
(r, s, x3) 7→
(T, s,X3)










L[ε1/2] V [ε1/2]Z = −I ◦ A[ε1/2]Z P^V _ T [ε1/2] V [ε1/2]Z = 0,
P^V _ R]AfKM\#e/OUFdP^iSOU` \]ADTX\R]AfF$FtNfPRSKUTWV  FL s   Nf\]KUVf~)RSADF$iSF/OQPR]KMTZV






\SPR]KQ\a`oR]ADFBFtNfP^R]KMTZVf\\]F/FRSADFBFtNfPRSKUTWVf\¢s[BA/G   PZV _  s[BAbu  




































i = 1, 2, 3
P^V _
dn[ε] = ε
−1d4[ε] − brrd1[ε] −
bsrd2[ε]























KQ\oTZy[RpP^KMVDF _ yL` _ TWKUVD~RSADFepAfP^Vf~ZFcT^BPZi]KQP^yfOUF
















d[ε1/2] ζ[ε1/2] + d[ε1/2] Z[ε1/2] = h[ε1/2] f [ε1/2],
P^V _










lXYDYDOM`LKUVf~¥R]AfF FtNfP^R]KMTZV. FL a   RST¥R]AfFTZiSE2P^O\aFbi]KMFb\
ζ[ε1/2]
R]ADFFtNfP^R]KMTZV.$F[ r   R]T R]ADF TZiSE2P^O\]F/iSKMFb\
f [ε1/2]
P^V _ R]ADF FtNfP^R]KMTZV' FLBAb{   R]TR]ADF TZiSEPZOx\]F/iSKMFb\
Z[ε1/2]
xP^V _ \]NDEEKUVf~ RSADF+F/g[YDi]Fd\]\]KMTZVf\\]T















− d[ε1/2] ζ[ε1/2] + h[ε1/2] f [ε1/2] − c[ε1/2] Z[ε1/2] = 0,




m@BADFFtNfPRSKUTWV $F[AIA   RSADF/V \]ADTX\ FL(F   X@BADKM\F/V _ \#RSADF
YDi]TLTZT^R]AfF@BADF/TWi]FbE
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v[ε1/2]  W [ε1/2] ln Φ[ε1/2] k<& 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3 6= Z ′31/2
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 Foe
TWVf\]K _ Fbi;RSADFx\]ADKUR]F _ _ KQ\aYfOMPWe
F/EFbVWR
wε
\]TZOMN[RSKUTWV2T^±RSADFF tNfPRSKUTWVf\m'AZ zZz     F _ F/VDTZR]FxyL`
w(ε)R]ADFe/TZiSi]Fd\aY=TZV _ KUVD~ _ KQ\aYfOMPWe
F/EFbVWR#KMV
Ω
D\aTWOUN[RSKUTWVTZRSADF$FtNfP^R]KMTZVf\o¢\aFbF AZ z^|  k  H
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 KRSAR]ADFxTZiSE2P^O±\]F/iSKUFd\ _ F>8VDF _ KMV RSADF$YDiSF/LKUTWNf\#\]FbeRSKUTWV±[Fo\]F
R#TWiXP^OMO
N ∈ N 





vk/2(x1, x2, X3) + χ(r)W








w[N ](ε) = v[N ](ε) + χ(r)W [N ](ε) + χ(r)Φ[N ](ε),
af |  
#KRSAFbLK _ FbVtRXVDT^RpPR]KMTZV8\/§m\]KMVD~$FL(F   F\aFbFxR]AfP^R





























R]ADF\aAfKRSF/i _ F>fVfF _ KMV  AW zA   "@BADKQ\yfKUOMKUVfFbP^iTZiSEe
TZi]
i]Fd\aY=TZV _ \XRST RSADFF/VDFbi]~W`"'AZBAbr   TZi$\]ADKUR]F _ _ KQ\aYfOMPWe









∀v ∈ V (Ω), ‖v‖
H1(Ω)3












y8TWNDV _ F _ KMVLZFbiS\]FKMV
ε
H  F$AfPWF













TWVf\kRpP^VtRS\KMV _ FbY8FbV _ F/VtRXTWV
ε
§m\]KMVD~¥af s   PZV _ aD u   F.>fV _






KQ\#KMV _ FbY8FbV _ F/VtRXTWV
ε

 $#   ".!"
ILKUEKMOMPZi]OM`2RSTR]ADF$\]FbeRSKUTWVGPZV _ h;i]TWY8Tt\aKUR]KMTZVs[BAZ[F.>fip\kR#~ZKMZFxRSADF$i]TWND~ZAFb\aR]KME2PR]FIH
¤©   
	    ""&v"&2l $	!'0"& l :\G	 	  
 0&
‖w(ε) − w[N ](ε)‖
H1(Ω)3
≤ CεN/2−4. aD a  
 F _ TcVDTZR~WKUWFXR]AfFxYfi]TLT^T^±RSADKM\BOMF/EE2PD[PW\KURBKM\ZFbi]`e/OUTt\aFmR]T)R]ADFoYDiSTLT^±TZh;iSTZY=TW\]KRSKUTWVs[BAoP^V _
ZF/iS`R]FdepADVDKQe/P^OX¢\aFbFjRBAb{DA/GTTZi$\]KUEKMOMPZi$e/P^OQe












y8FoRSADFxTZiSEPZO\aFbi]KMFb\ _ F>fVDF _ KMV RSADFoYDiSF/LKUTWNf\B\aNfyf\aFdeRSKUTWVf\/  F
FbPZ\]KMOU` \]F/FxRSAfPR
∀ k ≥ 0, ‖vk/2‖
H1(Ω)
≤ C .
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w(ε)
kj"&9	'&  nqn
	$l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i0	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w[N ](ε)
k2<&  ( i xBn9n  ln6"+aD |     & 
 .& 
∀N ≥ 0, ‖w(ε) − w[N ](ε)‖
H1(Ω)3
≤ CεN/2. afAd{  
  ­­   ²F
R























n#FbebP^OMO?R]AfP^R#R]ADF| # _ KQ\aYfOMPWe
F/EFbVWR
u(ε)








 F _ F _ Nfe
F)R]AfP^RxFA8PZF)P\aKMEKUOQP^ioPZ\]`LEY[R]TZR]KQeF
g[YfPZVf\]KUTWVf\#TWimRSADFc| # _ KM\]YDOQPZe/F/EF/VtRb ¯ TWi]FbTZFbibfPW\
R]ADFx\aADKUR]Fbi _ KD?F/ip\iSTZE R]ADFK _ F/VtR]KURk`yt`PoRSF/iSE TZTZi _ F/i
ε


















g[YfP^V8\aKMTZV2KMV YDAL`[\]KMebP^OfPZi]KQP^yDOMFb\btFTZy[RpP^KMVR]ADFxENDOUR]KQ\Se/P^OMFmF/g[YfP^Vf\]KMTZVTZiR]AfF\]ADKRSF __ KM\]YDOQPZe/F/EF/VtRKMV
Ωε
;@BADKQ\#\aADTX\B@BADFbTZiSF/E AW zD
KUVfPZOUOM`ZfNf\aKMVD~2@BADFbTZiSF/E af z)P^V _ h;iSTZY=TW\]KUR]KMTZVP^V _ FL z[[FoFbPZ\]KMOU` \]ADT.h¤i]TWY8Tt\aKUR]KMTZV AZ |D
    +?147   -./!/ /  
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k ≥ 4 
243Z25
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§m\]KUVf~)RSADF _ F>fVDKUR]KMTZVuf u   T^RSADFoTZiSE2P^O±\]F/iSKUFd\
Ă[ε1/2]





















PZi]FiSF/OQPR]F _ yL`¦|D a    §m\]KUVf~ aDBA/G   P^V _ uf z   F\]F/F
R]AfP^RXFoAfPWF
































Ă1/2σ = Ă0,1/2σ + Ă1,−1/2σ + Ă2,−3/2σ





K̆1/2σ = M̆1/2σ + B̆−3/2σ







































R]OM`2R]A8PR Ă2,−3/2σ = B̆−3/2σ = 0 P^V
_









    FVDT'e/TZEYDN[RSFcR]ADFTZY=F/ipPRSTZi
d̆03
TWixF tNDKUPZOUFbVWRSOU`RSADFTZY=F/ipPRSTZi D̆03































 FoRSAtN8\ _ F _ Nfe
FxR]A8PR





KM\xRSADF &/Fbi]TTWY8FbiSP^R]TZidF _ F _ N8e








	 o F)e/TZEYDN[RSFVDT R]ADF)TZY=F/ipPRSTZi D̆−1/2n mlm\mR]ADFTZY=F/ipPR]TWiS\ Dkn














 F _ F _ Nfe/FoR]AfP^R
D̆−1/2n = D̆0,−1/2n + D̆1,−3/2n .
£NDRKR$KQ\$e
OMFbP^ioRSAfPR D̆0,−1/2n = 0 ±Nf\]KUVf~ D0nz = ∂rz3
2@Te






d2n\]F/F@BADFbTZiSF/E s[ |cKUVqRBAds\T   






































P 3z3 = p
3




















 F _ F _ Nfe/FoR]AfP^R
D̆1,−3/2n (Z̆) = c2∂TT Z̆3.
P^V _ R]AfKM\B`LKMF/O _ \BR]AfF$i]Fd\aNDOURb












L 0ϕ = −L 1Ψ1z KUV ∂S0 × Σ+,

















R]KMTZV"u   P^V _
d2z
KUV+R]ADF2\]YfPZe/Fc\]YfPZVDVDF _ yL`



























ραα(z) − pbααγββ (z) − 2bβαγαβ (z)
)
.







L 0φ = −L 1Ψ1z KUV ∂S0 × Σ+,










L 0φ = 0
KMV
∂S0 × Σ+,
T 0φ = 0
KMV












\]F/FR]AfF#FtNfPRSKUTWV s[BAb|   TZZRBAds\T   WF#\]F/FR]AfP^RR]ADF#iSKU~WAtRa AfP^V _


























PZi]FTZVDOM`KMVtWTZOMZF _ KUVR]AfF _ F>fVDKUR]KMTZVT^
R]ADF$TWY8FbiSP^R]TZi
P
T^R]ADF$F WN8PR]KMTZV"afAF   
ILKUEKMOMPZi]OM`R]AfFo\]TZOMN[RSKUTWV T^aDBAbr   \]YDOMKRp\KUVtR]T)R]AfFo\]NDETZ±R]AfFo\]TZOMN[RSKUTWVf\T^\]`[\kRSF/E2\#KRSATWVDOU`2TWVDFo\aKMVD~ZOMF
VDTZVcP^VDKQ\aAfKUVD~oe




















p VR]ADFe/TLTZi _ KUV8PR]Fo\]`L\aR]FbE
(r, s)
fFoAfPZF






_ FbVDT^RSFb\PZV+TWY8FbiSP^R]TWi$T^BTZi _ F/i
2












































































3 ¢\aFbF6RAz\TP^V _ RSADF





1 KQ\/&/F/iSTfPZV _ RSADF _ KM\]YDOQPZe/F/EF/VtR
Z
2 KM\BVDTZRXKUVLWTZOMZF _   Fe/PZV\]ADT.RSAfPR#RSADFe









YDOU`LKMVD~cR]ADF$\]TZOMN[R]KMTZVT^BaD z^{   #KUR]A − 12p∂rrz3
  FxR]ALNf\ _ F _ Nfe/FxR]AfP^R






TWV _ KUR]KMTZVf\b  F$~WF
RBR]ADF$iSFb\]NDOUR#yt`\aF/RaRSKUVD~
c2 = − 12c′p 6= 0

    +?147    -./!/ /   x/!-  )   
¤ F >fip\aRe/TZEYDN[RSFR]ADF#FbVDF/iS~Z`$VDTWi]E TZ
uε














KQPRSF _ #KRSA RSADF$\aADKUR]F _

























KMV _ F/Y=F/V _ F/VtRXTZV
ε


























p = λ(λ+ 2µ)−1
;@BADFoTZOMOMT#KUVD~cOMF/EE2PYDi]Fde
KQ\aFR]AfF0>fiS\aRXYfPZiaR#T^h;iSTZY=TW\]KRSKUTWVvF[ zD
¤©   
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|FL z  
 0& b
v1 = ζ1 + V1ζ0 =
{
ζ1σ −X3(Dσζ03 + bασζ0α),
ζ13 −X3pγαα(ζ0),
af zZ|  
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 T N8\aKMVD~cR]ADFoTWi]E2PZO±\aFbi]KMFb\$ FL z   DFoAfPZF




0 = V0,0, V1/2 = V0,1/2 + V1,−1/2
P^V _
V



































−X3(brr(0, s)ZT + bsr(0, s)Zs),
−X3(∂sZ3 + brs(0, s)ZT + bss(0, s)Zs),
−X3p(∂sZs + Γααr(0, s)ZT + Γααs(0, s)Zs − bαα(0, s)Z3),
P^V _ R]AfKM\#\]ADTX\R]AfF$i]Fd\aNDOURb
 F$VfT ~ZKMZFoFd\kRSKUE2PRSFb\#e/TZiSi]Fd\aY=TZV _ KUVD~R]T¥aD r   TZVR]ADF$YfAt`[\]KMebP^O±\]ADF/OMO 
243Z25
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ln ‖∂αZ‖L2(Ωε) = O(ε
1/4).
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= O(ε1/2), ‖∂αv‖L2(Ωε) = O(ε
1/2),




= O(ε3/4), ‖∂αW ‖L2(Ωε) = O(ε
1/4),





= O(ε), #n ‖∂iΦ‖L2(Ωε) = O(1).




‖ẽαβ(v0 + ε1/2v1/2 + εv1)‖L2(Ωε) = O(ε
1/2),
#ADF/iSFoFoNf\]FoR]ADFoPWeRBR]A8PR









‖ẽαβ(W 0 + ε1/2W 1/2 + εW 1)‖L2(Ωε) ≤ O(ε
3/4),
P^V _ TZiXPZOUO
k ≥ 3 










TZiBNDi]R]ADFbi _ F/RSP^KMOQ\   R]A8PRXNDV _ F/iBR]AfFe
TZV _ KRSKUTWV
ζ0 6= 0 
‖ẽα3(v0 + ε1/2v1/2 + εv1 + ε3/2v3/2)‖L2(Ωε) = O(ε
3/2),
#ADKUOMFoTZiXPZOUO













DTZiBRSADF|# y8TWNDV _ PZi]`2OQP`ZFbiRSF/iSE2\/[F$~ZF/RTWiXP^OMO




‖ẽ33(v0 + ε1/2v1/2 + εv1)‖L2(Ωε) = O(ε
1/2)
P^V _ TZiXPZOUO
k ≥ 3  ‖ẽ33(εk/2vk/2)‖L2(Ωε) ≤ O(ε(k−1)/2)
¤ILKMEcKMOQP^iSOU`W[F$AfPWF
‖ẽ33(W 0 + ε1/2W 1/2 + εW 1)‖L2(Ωε) ≤ O(ε
3/4)
P^V _ TZi
k ≥ 2 
‖ẽ33(εk/2W k/2)‖L2(Ωε) ≤ O(ε
(2k−1)/4)
P^V _ ‖ẽ33(εk/2Φk/2)‖L2(Ωε) ≤ O(ε
k/2).
$xi]TWNDYDKMVD~R]TW~ZF
















ζ0 6= 0 DPZ\BKUR _ FbY8FbV _ \#TWVDOU` TZVR]ipPZe
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g[YfPZVf\]KUTWV













ζ1 = ζ1 − ζ′1 8P^V _ \]KUEKMOMPZi]OM`


































‖ẽαβ(e0 + ε1/2e1/2 + εe1)‖L2(Ωε) ≤ O(ε
3/2)
P^V _
‖ẽαβ(E0 + ε1/2E1/2 + εE1)‖L2(Ωε) ≤ O(ε
5/4).
¯ TZiSF/TWF/iFoAfPWF
‖ẽα3(e0 + ε1/2e1/2 + εe1)‖L2(Ωε) ≤ O(ε
5/2)
P^V _





0 + ε1/2e1/2 + εe1) = 0
PZV _
ẽ33(E
0 + ε1/2E1/2 + εE1) = 0.
 Fe/TZVfe/OUN _ FoPW\By8F/TZiSFoNf\aKMVD~@BADFbTZiSF/E af zR]A8PR
Ẽε3D[w
ε − Wzε] ≤ O(ε2) = O(εẼε3D[wε]),
#ADF/iSFR]ADF2EFdP^Ve
TWVWRSi]KMyDN[RSKUTWVe
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